ABSTRACT Mitochondrial gene diversity was used in house ßy, Musca domestica L., populations to examine gene ßow within and among 16 sealed barns in a large egg-laying facility in Renville, MN. Haplotypes in poultry barns were compared with those in outdoor house ßy populations nearby and in St. Paul, MN. Haplotype diversities were greater in the closed than in the open populations. There was signiÞcant gene ßow among poultry barns, and export of ßies from barns was observed. Nevertheless, of three haplotypes detected in the closed populations, one was undetected in the open populations. A signiÞcant change in haplotype frequencies within poultry barns between years is attributed to genetic drift. The geographical origin of one haplotype is obscure.
THE SYNANTHROPIC HOUSE ßy, Musca domestica L., is endemic in the Afrotropical region, but has become cosmopolitan through human commerce (Legner and McCoy 1966, Skidmore 1985) . None of its life stages is capable of surviving extended exposure below Ϫ5ЊC (Rosales et al. 1994 ), yet the species persists through winters in northern temperate latitudes, where air and surface soil temperatures are below freezing for weeks to months. In Minnesota and Iowa, breeding populations of ßies, consisting of all life stages, are readily found inside propane-or animal-heated barns that house poultry, swine, and dairy cattle (Krafsur 1985, Black and Krafsur 1986; R.D.M., unpublished data) . It is most probable that houseßies overwinter as foci in constructed environments that house domestic animals and poultry, and then emigrate to repopulate the surrounding landscape in spring, when outdoor temperatures become permissive for breeding.
The objective of our research was to test the hypothesis that enclosed house ßy populations would differentiate genetically. We examined gene ßow within and among numerous populations by using universal primers to amplify, via polymerase chain reaction (PCR), conserved genetic markers at mitochondrial loci. Mitochondrial DNA is single copy, does not recombine, and follows a matrilineal pattern of inheritance (Avise 1994) . Roehrdanz (1993) constructed a restriction map for the house ßy mitochondrial genome and found it to be ordered as in Drosophila spp. and of the same size, Ϸ16 kb.
Materials and Methods
Study Sites and Fly Populations. The main study site was a newly constructed egg-laying facility in Renville County, MN. The facility eventually consisted of two rows of eight barns that were constructed and came into production at 6-wk intervals in 1994 Ð1996 (Fig.  1) . Each barn was a fully closed, two-story structure, 17 wide by 168 m long, and was stocked with 128,000 laying hens housed in Þve rows of tiered cages in the upper story. Parallel beds of manure accumulated in ground-level pits below. All incoming birds were 16 wk old, came from a single source farm, and were transported in sterilized cages. Feed for the birds was augured from outside bins, and eggs were conveyed by belt down each row of barns to a central processing area on the south edge of the facility (Fig. 1, inset) .
Indoor air temperatures were 24 Ð27ЊC, depending on bird age, and were maintained by a computer controlled, variable-speed, negative-pressure ventilation system. Outdoor air entered through screened vents, and was drawn down past the birds and across the manure beds by louvered fans in the side walls of the pits. Each autumn (Fig. 1) , as manure capacities were reached and land for spreading became available, adjacent pairs of barns were opened for 1Ð2 d to scrape and haul their manure to Þelds in a 40-km radius. Each barn was also opened for 1Ð2 d every 102 wk, after initial stocking, to replace aged hens with new pullets.
Residential housing, two 50-cow tie-stall dairies, and a swine farrowing facility, all within a 1.6-km radius, neighbored the main facility. Each of these premises was open to ßy movement when temperatures were permissive for ßight, and could have been a source of adult house ßies that colonized the layer facility as it came into production.
To assess genetic differentiation among ßy populations in the 16 layer barns, each was sampled on 20 August 1997 after the ßy populations had been established for at least 11 mo but before cleanouts that year (Fig. 1 ). Flies were obtained from each barn by sweeping its length with a hand net and combining the ßies in a portable cage. Flies from the cage where then subsampled and killed in a 50-ml Falcon tube Þlled with 80% ethanol. Samples were stored after exchanging the killing ßuid with fresh 80% ethanol. For reference, a separate sample was collected the next day at an open-sided dairy barn on the St. Paul campus of the University of Minnesota (290 km east of Renville). Sampling was repeated in 1998 using the same procedures. The 16 barns were sampled on 20 August 1998, and reference samples were obtained the same week from three additional sources: the neighboring swine facility in Renville, the campus dairy in St. Paul, and an open swine facility adjacent to the campus dairy.
Genetic Methods. Sample size for DNA extraction was Þxed at 27 ßies per barn except for a sample of 54 ßies from the St. Paul dairy. DNA extraction, PCR, acrylamide gel electrophoresis, and staining methods followed the prescriptions of Black and DuTeau (1996) with exceptions. We examined variation at large subunit ribosomal RNA (16S2) and cytochrome oxidase II (COII) because these loci were highly polymorphic in many New World populations (J.G.M. and E.S.K., unpublished data). The universal primers were reviewed in Simon et al. (1994) and were purchased from the University of British Columbia Biotechnology Laboratory. PCR reactions consisted of 10 ϫ PCR buffer, 0.4 mM dNTP, 1.5 mM MgCl 2 , 0.2g BSA, 0.5 M each of forward and reverse primers, 0.5Ð1 l of template DNA, and 0.2 l Taq DNA polymerase for a Þnal volume of 25 l. AmpliÞcations were performed in a PTC-100 programmable thermal cycler (MJ Research, Waltham, MA). The ampliÞcation proÞle was 30 s at 93ЊC, 18 s at 50ЊC, 18 s at 72ЊC, and 30 cycles from step 1.
After the PCR reactions were completed, 15 l of loading buffer was added to the reaction mixture. The buffer consisted of 10 mM NaOH, 95% formamide, 0.05% bromophenol blue, and 0.05% xylene cyanol. The processed samples were then heated to 95ЊC for 4 min, cooled on ice to 0ЊC, and immediately loaded on a native polyacrylamide gel. The electrophoretic separations were done by using Hoefer vertical slab gels, which were 9% acrylamide in a 1:19 bis-acrylamide:acrylamide ratio. Gels contained 5% glycerol and 1 ϫ tris-borate-ethylenediaminetetraacetate. Gels were run at 0ЊC at 350 V for 5 h, at which time the bromophenol blue migrated Ϸ11 cm. The lane markers were phiX174 DNA/HinfI (Promega G1751).
Gels were Þxed in 250 ml of 10% glacial acetic acid solution for at least 20 min. After Þxation the gels were rinsed with double glass distilled water three times, followed by 30 min in 0.15% (wt:vol) silver nitrate and 0.15% (vol:vol) 37% formaldehyde. Gels were again rinsed in double distilled H 2 O three times, followed by development in chilled 3% Na 2 CO 3 solution and 0.15% (vol:vol) 37% formaldehyde. After the proper degree of staining was reached, Þxative solution was added to stop the reaction.
Phenotypes on gels were then scored and photographed by using a digital camera (BioVideo-500, Bioimaging Technologies, BrookÞeld, WI) connected to a Macintosh 6300 computer using the public domain NIH Image program (developed at the U.S. National Institutes of Health, Bethesda, MD, and available at http://rsb.info.nih.gov/nih-image/). Genetic Statistics. Mitochondrial (haplotype) diversity h is the probability that two randomly chosen organisms will have different haplotypes. The unbiased estimate is, h ϭ n(1 Ϫ ͚x i 2 )/(n Ϫ 1), where i is the frequency of the ith haplotype among n individuals (Nei 1987) . F statistics measure the correlation of haplotypes in populations at successive hierarchical levels. They may also be thought of as probabilities of two randomly chosen insects in a deme or other arbitrary unit having the same haplotypes relative to a higher level of hierarchy. Analysis of variance (ANOVA) in h was accomplished by the method of ExcofÞer et al. (1992) . The calculations were made with Arlequin version 1.1 software (Schneider et al. 1997) .
Results
House ßies were abundant in all of the layer barns by the end of summer in 1996, and they remained abundant through the remaining 2-yr study; therefore, barn design and management were obviously conducive to colonization and continuous breeding. Emigration from each barn to the outside was continuous, being assisted by the exhaust fans. During the summer, when the temperature was warm enough to permit ßy movement outdoors, adults were readily seen perching on all available outdoor substrates. In contrast, immigration into the barns seemed to be relatively restricted. Some could have entered the barns through louvers on idle fans or through entryways as workers traveled among the buildings. It is also possible that adults were transported among barns on the egg conveyor belts, which ßowed toward the egg processing plant, i.e., from barns 8 toward 1 and barns 16 Ð9 (Fig.  1, inset) . Belt design would have restricted ßow in the reverse direction.
In total, 17 separate samples of house ßy adults were netted in 1997, 16 from populations in the closed layer barns in Renville, and one from the campus dairy in St.
Paul. Another 19 samples were obtained in 1998 from the same sources, plus one additional reference site each in Renville and St. Paul, for a grand total of 37 samples. Electrophoresis of PCR products revealed three haplotypes (Fig. 2) . The variants occurred only at COII (Fig. 2) , and each was conÞrmed to be different by nucleotide sequencing. 16S2 was unaccountably monomorphic in Minnesota samples.
Frequencies of the three haplotypes varied widely among sources and years. Haplotype A occurred in relatively few ßies in just one of the closed layer barns Genetic Diversity and Gene Flow. Estimates of haplotype diversities, h e among populations in the poultry barns varied from 0.14 to 0.55 (Table 2 ). The overall mean of h e ϭ 0.45 is the chance that two randomly selected ßies had different haplotypes. A nested ANOVA showed that most of the variance in haplotype diversities occurred within populations, whereas much less was attributed to locations and years (Table   3) . Statistic F GT , the chance that two randomly chosen ßies from different localities have the same haplotype relative to the total, was Ϸ13% when groups included all closed and reference populations from both years. When analysis was conÞned to just the closed populations, F GT was nearly zero. The second statistic, F ST , the chance that randomly chosen ßies in populations have the same haplotype relative to the total, was Ϸ22% when all populations were considered, and 11% when attention was restricted to the layer barns. The remaining statistic, F SG Ϸ10%, is the mean correlation of haplotypes in populations relative to groups.
According to WrightÕs island model, the number of migrants Nm is related to F ST by the formula Nm Ϸ (1 Ϫ F ST )/2F ST . The critical level for Nm to maintain genetic equilibrium among demes is one, below which further differentiation by genetic drift is expected to occur and above which no further differentiation is expected (Wright 1978) . Nm for the closed populations only was 1.8. Nm averaged among all populations was 4.2. Both estimates indicate enough gene ßow to prevent further differentiation.
Discussion
Of chief interest were the origins of the house ßies that colonized the newly constructed layer barns at Renville, and subsequent patterns in gene ßow among the layer barns and outside reference sites in Renville and St. Paul. It was surprising that haplotype A was detected in only one of the layer barns the Þrst year. We are unable to comment on the origin of haplotype A, because samples were unavailable from neighboring sites in Renville at the time the poultry houses were constructed.
Substantial and persistent differences in frequencies involved haplotype C. This haplotype was common within the poultry barns in both years, but was relatively rare at the neighboring swine facility, and was undetected in St. Paul (Table 1 ). The excess of haplotype C at the poultry facility may be the simple result of a founder effect. Two sources of founders can be suggested and they are not mutually exclusive. First, there is the possibility that ßy populations were established from larvae and pupae attached to the cages of the pullets used to stock the barns, all of which came from a single source farm. But this hypothesis seems unlikely because the founding birds were transported in steam-sterilized cages.
A second hypothesis is that by chance immigrants from a neighboring source bearing haplotype C colonized the Þrst barn (#2, Fig. 1 ) when populated with hens in autumn, 1994, and then multiplied rapidly thereafter. House ßies are sufÞciently fecund (Krafsur 1985) that only one fertile female could establish a thriving new population in a temperature controlled barn with seemingly unlimited breeding medium. Descendants from that Þrst barn could have spread secondarily to adjacent barns because they were constructed sequentially and stocked with laying hens. Secondary spread among barns could have occurred via the egg conveyor system, but spread from #2 north Sources coded as in Table 1 , n ϭ 27 per source and year, except for n ϭ 54 from StP-D, 1998. NA, not available. to barns 3Ð 8 and west to barns 11Ð16 would have required spread "upstream," against the ßow of eggs (Fig. 1, inset) . It is more reasonable that dispersal among barns was intermittent, occurring in the warm months when weather would have permitted emigrants to survive and enter neighboring barns via routine worker trafÞc, or when being cleaned or restocked. Contrasts between the populations at the poultry facility and elsewhere in the current study are more difÞcult to explain. The layer barnsÕ exhaust fans provided continuous and substantial emigration of the barnsÕ haplotypes to surrounding populations. Similarly, the late-summer cleanouts each year should have populated the landscape. Yet haplotype B was one-third as frequent at the Renville swine barn in 1998, and even less frequent at the two St. Paul facilities. Earlier studies of genomic allozymes suggested high rates of gene ßow among study sites in Iowa and Minnesota (Krafsur et al. 1992) , sites that were farther apart than the present sites.
Our genetic data indicate that gene ßow, based on selectively neutral loci, was substantial among barns at the 16-barn facility. Advantageous phenotypes would have greater reproductive success and therefore a greater Nm than measured at neutral mitochondrial loci (Avise 1994) . Abundant breeding resources in the barns and a rate of dispersal in excess of one reproducing ßy per generation would ensure that if insecticide resistance were to arise in any one treated barn, then alleles conferring resistance would emigrate readily to all other barns in the same complex.
